The question of whether singing may be helpful for stroke patients with non-fluent aphasia has been debated for many years. However, the role of rhythm in speech recovery appears to have been neglected. In the current lesion study, we aimed to assess the relative importance of melody and rhythm for speech production in 17 non-fluent aphasics. Furthermore, we systematically alternated the lyrics to test for the influence of long-term memory and preserved motor automaticity in formulaic expressions. We controlled for vocal frequency variability, pitch accuracy, rhythmicity, syllable duration, phonetic complexity and other relevant factors, such as learning effects or the acoustic setting. Contrary to some opinion, our data suggest that singing may not be decisive for speech production in non-fluent aphasics. Instead, our results indicate that rhythm may be crucial, particularly for patients with lesions including the basal ganglia. Among the patients we studied, basal ganglia lesions accounted for more than 50% of the variance related to rhythmicity. Our findings therefore suggest that benefits typically attributed to melodic intoning in the past could actually have their roots in rhythm. Moreover, our data indicate that lyric production in non-fluent aphasics may be strongly mediated by long-term memory and motor automaticity, irrespective of whether lyrics are sung or spoken.
Introduction
Patients with a left hemisphere stroke frequently suffer from various language-related disorders that restrain or disrupt the spontaneous expression of speech. Such impairments are commonly grouped together under the heading of 'non-fluent aphasia'. A considerable number of these patients never recover completely, despite intensive therapy. For nearly two centuries clinicians have observed that patients with non-fluent aphasia are nevertheless able to sing, with some even being able to sing words (Mills, 1904; Gerstmann, 1964; Yamadori et al., 1977) . This astonishing observation has inspired a number of clinical interventions worldwide, among them the highly debated melodic intonation therapy (Albert et al., 1973; Helm-Estabrooks et al., 1989) . This therapy consists of a rehabilitation programme with various elements, including three main components: melodic intoning, rhythmic speech and the use of common phrases.
The overall composition of melodic intonation therapy may appear meaningful from a therapeutic point of view. However, when focusing on the different therapeutic elements and their individual contributions to clinical efficacy, some questions arise. To what extent is melody, rhythm or their combination decisive for speech production in aphasics? Does this depend on individual lesion locations within the brain? What role does memory play if one employs familiar song lyrics? And, since formulaic phrases are used, to what extent may the benefits of melodic intonation therapy be due to preserved motor automaticity? Recent work on these issues has led to a number of ambiguous, sometimes contradictory results.
Melodic intoning
The contribution of singing to melodic intonation therapy has been considered as crucial by the inventors of the treatment. Singing was supposed to stimulate cortical regions in the right hemisphere with homotopic location relative to left language areas. Consequently, this cortical stimulation through singing was assumed to have a positive impact on speech recovery (Albert et al., 1973; Sparks et al., 1974) . Indeed, this assumption may appear consistent with right-hemispheric processing of features related to music and prosody (Riecker et al., 2000; Callan et al., 2006; Ö zdemir et al., 2006) . Moreover, some evidence suggests that the right hemisphere may have a compensatory function in speech recovery (Musso et al., 1999; Blasi et al., 2002; Saur et al., 2006) .
Several cross-sectional studies with non-fluent aphasics, however, failed to support the more effective role of singing, as compared with rhythmic speech (Cohen and Ford, 1995; Boucher et al., 2001) or natural speech (Hé bert et al., 2003) . Notably, one study found melodic intoning to be advantageous to natural speech when patients were singing along to vocal playback delivered by earphones (Racette et al., 2006) . Until now, longitudinal evidence for the efficacy of singing in speech recovery is sparse and seems problematic from an experimental point of view. Only two case reports on melodic intonation therapy made use of a control condition, with one study controlling for intoning in an experienced singer (Wilson et al., 2006) and another study controlling for singing but not for rhythmic left-hand tapping in two subjects (Schlaug et al., 2008) . Consequently, these results may be confounded with musical training and influences related to rhythm.
Neuroimaging research on the role of singing in speech recovery has given rise to some ambiguous results. Two single case studies suggested right functional differences (Schlaug et al., 2008) and structural changes in the right arcuate fasciculus (Schlaug et al., 2009) after treatment with melodic intonation therapy, while speech production was found to be improved. It could be concluded that singing had a causal, curative effect on speech production in these patients. However, there are different ways to interpret these data. Structural changes in the right arcuate fasciculus, if indeed such findings are validated, may well be the result of intensive singing, whereas the benefits in speech production could be due to massive repetition of the phrases used-recruiting, for instance, perilesional left brain regions. In other words, singing and massive repetition of phrases may be thought of as two independent mechanisms that are not causally linked. Conclusions regarding benefits from singing for speech production are therefore questionable in light of these data. In addition, a PET experiment revealed more left prefrontal activation in seven non-fluent aphasics when producing phrases that they had trained during melodic intonation therapy (Belin et al., 1996) . Indeed, a number of studies support the crucial role of perilesional left areas in speech recovery (Cao et al., 1999; Rosen et al., 2000; Zahn et al., 2004) .
Rhythmic speech
The role of rhythm in speech recovery from aphasia appears to have been neglected for some time. One reason for this may be the experimental problem of how to control for rhythm. Only one study addressed this problem (Cohen and Ford, 1995) . Natural speech was chosen as a control for rhythmic speech. Although not mentioned by the authors, the use of natural speech may have resulted in different syllable durations in each condition. Slowing down of syllable duration, however, was suggested to improve articulation, at least in dysarthric patients (Hustad et al., 2003) . Moreover, natural speech in stress-timed languages-in this case, English-still implies a distinct metre and may therefore still be considered as rhythmic. This assumption is indirectly supported by evidence from healthy subjects who display increased vocal loudness when producing metrically prominent syllables in English (Kochanski and Orphanidou, 2008) . Finally, a metronome accompaniment was chosen for the rhythmic condition only. This may have advantaged the production of natural speech since no additional sound source interfered. Accordingly, the results of this study indicated better performance in the natural speech condition, and may have to be viewed with caution.
However, some indirect evidence points to the contribution of rhythm for speech production. Articulation may be modulated, for example, by visual or auditory rhythmic cues (Pilon et al., 1998; Brendel and Ziegler, 2008) or rhythmic tapping of the left hand, thus engaging sensorimotor networks in the right hemisphere (Gentilucci and Dalla Volta, 2008) . It may therefore be noteworthy that melodic intonation therapy includes, among other additional elements, rhythmic left-hand tapping (Albert et al., 1973; Helm-Estabrooks et al., 1989) . Rhythmic hand tapping could, at least theoretically, have a profound impact on speech production in aphasics.
Interestingly, research on melodic intonation therapy has focused very much on the dichotomy of left and right cortical functions in speech recovery. However, the contribution from subcortical areas has not drawn much attention. This is all the more surprising as subcortical areas, specifically the basal ganglia, are suggested to mediate rhythmic segmentation in speech perception and production (Kotz et al., 2009) . It may therefore be argued that patients with lesions including the basal ganglia should benefit more from rhythmicity than patients without such lesions.
Memory and motor automaticity
Research on the role of memory for speech production in aphasics is based on the observation of a few cases. Two non-fluent aphasics showed improved performance for familiar song lyrics as compared with spontaneous speech (Hé bert et al., 2003) or unknown lyrics (Straube et al., 2008) . Interestingly, lyric production in these patients was not affected by the circumstance of whether the original melody was used or not. This finding is in accordance with evidence for independent, dual encoding of lyrics and melody in healthy subjects Zatorre, 1991, 1992) , although a number of studies suggested perceptual connectedness of melody and lyrics in memory (Crowder et al., 1990; Peretz et al., 2004; Gordon et al., 2010) . The case reports presented here indicate that lyric production in aphasics may be largely mediated by verbal long-term memory. However, it remains unclear whether this finding holds true for a larger sample of patients and whether there are factors that determine the contribution of memory for lyric production, such as age. Furthermore, it may be useful to disentangle effects of long-term memory from motor automaticity, since memory and automaticity may affect speech production in different ways. For example, a PET study with healthy subjects revealed diverging activation patterns during recitation of well-known song lyrics as opposed to automatized counting (Blank et al., 2002) .
The use of common, formulaic phrases is a substantial component of melodic intonation therapy. It may be presumed that the production of such phrases is, to a considerable extent, automatized at the motor level. Yet, the contribution of preserved automaticity in formulaic phrases for melodic intonation therapy has not been investigated up until now. This is all the more surprising as several lesion studies have suggested that the production of formulaic speech may be processed within the right cortex and the right basal ganglia (Speedie et al., 1993; Sidtis and Postman, 2006; Sidtis et al., 2009) . Accordingly, a PET study with healthy subjects revealed similar activation patterns during humming and automatized recitation of weekdays (Ryding et al., 1987) . This raises doubt on the consistency of some neuroimaging research on melodic intoning as singing and the production of formulaic speech show a functional overlap in the brain.
In the current study, we aimed to assess the relative importance of melody, rhythm, lyric memory and motor automaticity for speech production in patients with non-fluent aphasia.
Materials and methods

Participants
The present multicentre study was conducted at five rehabilitation centres located in Berlin, Germany. Seventeen stroke patients were included in the study. Table 1 provides an overview of the patients' individual case histories.
Patients were German native-speakers, right-handed and aged 27-80 years [mean (standard deviation) age 56 (14) years]. None of the patients had a pre-morbid history of neurological or psychiatric impairments, nor did any of the patients suffer from dementia. At the time of testing, all patients were at least 3 months post-infarction, except in one case (Patient HS) . Eight independent clinical linguists tested the patients within 1 month prior to the study, using a German standard aphasia test battery (Aachen Aphasia Test, Huber et al., 1984) . Specified test scores are given in Table 2 .
All patients were classified as non-fluent aphasics, diagnosed with Broca's aphasia (n = 10) or global aphasia with prevailing expressive deficits (n = 7). Non-fluent aphasia usually co-occurs with speech disorders that include difficulties to plan and to execute oral, speech-specific movements (apraxia of speech), to coordinate articulatory organs, respiration and larynx (dysarthria) or to swallow As non-fluent aphasics commonly show apractic behaviour, we aimed to increase the diagnostic reliability for the assessment of apraxia. Consequently, apraxia of speech had to be diagnosed by at least two experienced clinical linguists on the basis of direct observations, which involved inconsistently occurring phonemic or phonetic errors, word initiation difficulties and visible groping (Brendel and Ziegler, 2008) . Correspondingly, dysarthria was diagnosed in case of constantly occurring phonetic errors. As a result, the diagnosed concomitant speech disorders in our subjects involved apraxia of speech (n = 15), dysarthria (n = 2) and dysphagia (n = 2). Patients were eligible for study inclusion when the aphasia test results indicated a largely preserved simple comprehension, with a comparably limited verbal expression. It should be noted that the patients were considered 'non-fluent' based on the typological classifications as indicated by the aphasia test (global or Broca's aphasia), not based on the concomitant speech disorders. Moreover, aphasia was diagnosed by the clinical linguistics as a prevailing disorder in all of the patients. However, given the large proportion of patients with concomitant apraxia in the current sample, some of the results may be influenced by motor impairments related to apraxia. All patients had undergone speech therapy, which did not comprise singing or explicit rhythmic speech. None of the patients displayed any specific musical training or experience in choral singing. The sample may therefore be considered as exemplary in a clinical context.
CT and MRI scans as well as relevant medical reports were obtained for all patients. A neurologist with special expertise in neuroradiology (I.H.) re-analysed all CT or MRI scans without any knowledge of the corresponding speech output data. All patients showed a left middle cerebral artery infarction, except for three patients with left basal ganglia haemorrhages (Patients FF, HP and RK). To increase the variability in pitch accuracy for subsequent covariation analyses, three aphasic patients (Patients KH, LT and RK) with additional lesions in the right hemisphere were included. All CT or MRI scans were thoroughly analysed for lesions within the left basal ganglia, including the caudate nucleus, the putamen and the pallidum. First, we computed separate scales for each basal ganglia substructure (1 = lesion; 0 = no lesion). When a lesion could not be identified with satisfying certainty, it was discarded from further analysis (0.5 = lesion identification impossible). Finally, we computed a composite score indicating the number of substructure lesions within the basal ganglia (0-3 = zero to three substructure lesions including the caudate nucleus, the putamen and the pallidum). Figure 1 shows the brain scans of two subjects with lesions either including the basal ganglia or not.
The study was approved by the Ethical Committee at University of Leipzig and by the participating institutions in Berlin, and informed consent was obtained from all patients.
Stimuli
The experimental design focused on melody, rhythm and the selection of the lyrics. A schematic overview of the different conditions is provided in Fig. 2 .
Three experimental modalities were applied: melodic intoning, rhythmic speech and a spoken arrhythmic control. In the conditions melodic intoning and rhythmic speech, patients were singing or speaking along to a playback, composed of a pre-recorded voice to mimic and a 4/4 percussion beat according to a chosen song. The pre-recorded voice and the percussion beat were consistently used in every sung and spoken condition, including the spoken arrhythmic control. In the spoken arrhythmic control, however, the percussion beat turned into a 3/4 measure, and was shifted by an eighth note. This arrhythmic interference paradigm was chosen to manipulate the degree of rhythmicity while not confounding the results by different syllable durations. It should be noted that the percussive manipulations did not affect the duration of each syllable throughout the experiment. Rhythmic speech served as the control condition for melodic intoning, whereas the arrhythmic condition provided the control for rhythmic speech. To assess the degree of rhythmicity in each condition, five healthy pilot subjects were asked to perform the different conditions while rating the perceived rhythmicity. All raters independently classified the arrhythmic control as 'highly arrhythmic'. Playback voice and percussion beat were mixed in the recording, with both tracks being separately normalized. The sound intensity level of the percussion beat was decreased by 10 dB to make both tracks clearly audible. Vocal playback parts, both sung and spoken, were performed by a male singer. The sung playback parts were recorded in two tonal keys (B and F major) to adopt the patients' individual vocal range, with a piano sound indicating the initial note. Natural prosody was applied for the spoken playback parts. The playback voice was slightly digitally edited to ensure that each syllable was precisely placed within the measure. For the percussion beat, a wooden metronome sound was employed. The first percussion beat in every 4/4 and 3/4 measure was stressed by lowering the percussion frequency and by accentuating its intensity (first beat in every measure: fundamental frequency of 280 Hz, sound intensity level of 80 dB; all remaining beats in every 4/4 or 3/4 measure: fundamental frequency of 420 Hz, sound intensity level of 70 dB; see also Kochanski and Orphanidou, 2008) . A tempo of 100 beats per minute was chosen, with a mean duration of 780 AE 25 ms per syllable. The tempo was chosen based on pilot data. With this tempo, patients produced about half of the syllables correctly, thus indicating a medium difficulty level. Every condition was primed by two measures of 4/4 percussion beats. Examples of the playbacks can be downloaded at http://www.cbs.mpg.de/$stahl.
Rhythmic percussive accompaniments are usually not part of spoken utterances in everyday life. To control whether the rhythmic percussion beats in the spoken conditions may have interfered with speech production in the patients, we repeated the experiment with four subjects (Patients JD, KH, LS and LT) while using the same vocal playbacks in the rhythmic speech condition, either with or without percussive accompaniments.
Three types of lyrics were employed in each of the modalities described above: original, formulaic and non-formulaic lyrics. To select a song with very well-known lyrics we explored the familiarity of common German nursery rhymes and folk songs in an age-matched control group of 35 healthy subjects. First, the control subjects were presented with four initial song bars and instructed to complete the melody by humming the remaining notes. Correspondingly, participants were asked in a second step to complete the song lyrics by free recitation. Based on this procedure, a well-known German nursery rhyme was chosen ('Hä nschen klein'), with 100% of correctly (from top to bottom). Each lyric type is produced in three experimental modalities: melodic intoning, rhythmic speech and a spoken arrhythmic control. In the conditions melodic intoning and rhythmic speech, patients sing or speak along with a playback composed of a voice to mimic and a rhythmic percussion beat, which is shown here (rhythmic). The first beat in every 4/4 measure is stressed by lowering the percussion frequency and by accentuating its intensity. In the spoken arrhythmic control, the percussion beat turns into a 3/4 stress pattern, and is shifted by an eighth note (arrhythmic).
produced notes and 87% of correctly produced lyric syllables. It is noteworthy that a correlation between correctly produced syllables and the control participants' age did not reach significance. The melody of the chosen song mainly consists of seconds and thirds, while not exceeding the range of a fifth, and may therefore be considered as very simple.
In a next step, we developed novel lyrics while using the same melody. Formulaic lyrics were composed of stereotyped phrases ('Hello, everything alright? Everything's fine. . .'), which have been classified as 'largely automatized' by eight clinical linguists. The selected formulaic phrases are highly relevant for communication in everyday life (salutations, farewells, well-being, food) and their order of sequence can be found in a natural conversation. Non-formulaic lyrics comprised very unlikely, but syntactically correct phrases, as they may occur in modern poetry ('Bright forest, there at the boat, thin like oak. . .').
The probability of the appearance of a word in a language usually depends on the previous word, as denoted by the word transition frequency. From a psycholinguistic point of view, word transition frequencies may serve as a marker for over-learnedness or automaticity in spoken language. In other words, formulaic phrases should be expected to show relatively high word transition frequencies, whereas non-formulaic phrases should show very low word transition frequencies. Non-formulaic lyrics in the present study were therefore conceived in a way so that they showed significantly lower word transition frequencies than formulaic lyrics [t(33) = 2.3, P = 0.029]. However, formulaic and non-formulaic lyrics did not differ in word frequency [t(34) 5 0.1, not significant (NS)], word frequency variance [F(1, 34) = 0.7, NS], syllable frequency [t(34) = 0.5, NS], number of consonants and syntactic phrase structure. All lyrics were consistent with the rhythmically required metre in German. Table 3 provides some characteristics of the lyrics.
Procedure
Testing took place in two sessions during 1 h. Every session was divided in two parts with pauses in between according to the patients' individual needs. To avoid carryover effects, the modalities were presented in blocks and always included three lyric types (original, formulaic, non-formulaic). The stimuli blocks were counterbalanced for each participant: sung, spoken, arrhythmic, pause, arrhythmic, spoken, sung in the first session, with the reversed order in the second session. A correlation between articulatory quality in each condition and the corresponding trial number suggested learning effects in three patients [Patients JD, FF and AS; r(34) = 0.67, 0.57, 0.33; P 5 0.001, 50.001 and 0.049, respectively]. However, none of these patients exhibited a deviant result pattern of overall means in any of the test conditions.
Participants were seated in front of two loudspeakers in a distance of 75 cm. Patients listened to the vocal playback to sing or speak along with, while being provided with separate sheets of music for each lyric type. It should be noted that lip-reading was not possible. Moreover, rhythmic hand tapping was not allowed as it may interfere with speech production, i.e. by engaging the sensorimotor system. The acoustic setting was conceived to resemble choral singing, with auditory feedback originating from the singer's own voice as well as from surrounding sound sources. In a pilot study with five healthy subjects, the playback intensity was chosen to be approximately balanced with the singer's perceived own vocal loudness. Auditory feedback via earphones was dispensed with to preserve the natural vocal self-monitoring. Utterances were recorded by a head microphone (C520 Vocal Condenser Microphone, AKG Acoustics) and a digital recording device (M-Audio Microtrack II, Avid Technology).
Data analysis
Two speech-language pathology students and the experimenter (B.S.) independently rated the articulatory quality of the produced utterances, based on the digital sound files, with two raters for each patient. Articulatory quality was denoted as the percentage of correct syllables in each condition. Syllables were chosen over words as the critical unit to account for the fact that in apractic patients errors often occur at the syllable level (Aichert and Ziegler, 2004) .
A total number of 28 764 syllables were rated. The first two syllables in each condition were discarded from the analyses to control for onset difficulties. Correct syllables were scored with one point (41% of all rated syllables), and half points were given for two conditions: phonemic or phonetic errors occurred in one or more consonants per syllable, but not in the vowel, or vice versa (27% of syllables). No points were allocated when errors occurred in both vowel and in one or more of the consonants within a syllable (24%). Further errors were classified as syllable substitutions as part of a different word (1%) or omissions (7%). The scoring procedure is based on a previous study (Racette et al., 2006) , with a more precise definition of the half-point category being applied in the present work.
Pitch accuracy of each sung syllable was assessed separately for each lyric type. It is noteworthy that pitch accuracy did not significantly differ between any of the lyric types employed, irrespective of Syllable frequencies have been computed based on the CELEX database (Baayen et al., 1993) . Further values were taken from the online database 'Wortschatz Leipzig' (University of Leipzig, http://wortschatz.uni-leipzig.de/). Values in brackets display the respective confidence interval (CI). a The average is biased by the use of three articles, which display very high frequencies in German. Formulaic and non-formulaic lyrics, however, do not include articles, since articles are generally not part of formulaic expressions in German.
whether the patients with additional right hemisphere lesions were included or not. As expected, patients with left hemisphere lesions produced more correctly intoned notes (75%; range: 22-96%) than patients with additional right hemisphere lesions (25%; range: 0-47%).
Inter-rater reliabilities for articulatory quality and pitch accuracy in each subject resulted in correlations ranging from 0.93 to 1.00, P(16) 5 0.001, with an overall inter-rater reliability across participants of 0.98, P(304) 5 0.001.
Average scores, composed of two raters' judgements for each condition and patient, were computed separately for articulatory quality and pitch accuracy. A repeated-measures ANOVA was performed based on the average scores for articulatory quality in each condition, including the factors modality (sung, spoken, spoken arrhythmic control) and lyrics (original, formulaic, non-formulaic) with patients' age and composite basal ganglia lesion scale as covariates. An alpha level of 0.05 and the Bonferroni correction for multiple comparisons were applied. For frequency analyses we used the software 'Praat' (Boersma and Weenink, 2011) .
Results
Part 1: Melodic intoning
This section deals with the issue of whether singing may have proven to be beneficial for speech production in the non-fluent aphasic patients we studied. . These results did not change when three patients with additional right hemisphere lesions were excluded. Moreover, we assessed whether the absence of an effect from melodic intoning was found for each lyric type separately. No interaction of modality and lyrics was discovered [F(2, 766) = 0.51, NS]. In other words, there was no effect of singing on articulatory quality as compared with rhythmic speech whichever lyric type was used. Means of the results for the conditions melodic intoning and rhythmic speech, separately for each lyric type, are shown in Fig. 3 .
To further explore these findings, several post hoc analyses were performed. We investigated whether the amount of fundamental frequency variability in the patients' utterances had an effect on articulatory quality. 'Praat' was used to quantify the fundamental frequency variances in the conditions melodic intoning and rhythmic speech separately for each lyric type. In a next step, we computed relative values for fundamental frequency variance and articulatory quality. Each of these variables was expressed as a difference between the conditions melodic intoning and rhythmic speech. Relative values were chosen instead of absolute values to control for interindividual differences. Based on these values, a correlation between fundamental frequency variance and articulatory quality did not yield significant results [r(16) = À 0.19, NS]. This finding was independent of whether all or specific lyric types were considered.
Finally, we addressed the question of whether pitch accuracy in the sung conditions had any impact on articulatory quality. It should be noted that pitch accuracy is conceptually unrelated to frequency variability, as frequency variability reflects the amount of frequency changes over time, irrespective of whether these frequency changes are consistent with the melody or a prosodic pattern. A correlation analysis of pitch accuracy with relative articulatory quality did not yield significant results [r(16) = 0.29, NS]. Notably, this finding was independent of whether all or only left hemisphere lesion patients were included.
Interim discussion
Our data do not confirm an effect of singing on speech production in non-fluent aphasic patients. This finding holds true when comparing melodic intoning with natural prosody in rhythmic speech. One may nevertheless claim that frequency variation as such, sung or spoken, could still have positive effects on speech production by engaging the right hemisphere. Yet, no relationship was observed between frequency variability in the patients' utterances and articulatory quality. Our data thus do not support the assumption that frequency variation may facilitate speech production. However, aphasia often co-occurs with amusia, an impairment including the inability to hit the right notes. One may therefore conclude that the patients failed to benefit from singing because they were lacking pitch accuracy. It should therefore be noted that pitch accuracy and articulatory quality were found to be unrelated in our data. This means that patients with good pitch accuracy did not benefit more from singing, whereas patients with poor pitch accuracy did not benefit less from singing. In other words, melodic intoning, frequency variation and pitch accuracy did not affect speech production in the current patient sample.
Whichever lyric type was used, an effect from melodic intoning was consistently absent. Surprisingly, even with original, Formulaic lyrics Non-formulaic lyrics * *** Figure 3 Correctly produced syllables in the conditions melodic intoning (sung) and rhythmic speech (spoken) for three lyric types. Articulatory quality significantly differed for each lyric type, irrespective of whether sung or spoken (*P 5 0.05; ***P 5 0.001). Error bars represent confidence intervals corrected for between-subject variance (Loftus and Masson, 1994) .
well-known song lyrics there was no advantage for singing. High familiarity with the melody therefore failed to help the patients to produce the original lyrics. This finding is in line with earlier case reports (Hé bert et al., 2003; Straube et al., 2008) . Moreover, if high familiarity with a melody had constrained the patients' sung production of novel lyrics we would have expected worse performance for the sung novel lyrics. However, this was not the case.
Looking closer at one of the few studies that provide evidence for the superiority of singing above natural speech (Racette et al., 2006) , one reason for this result may be the use of earphones, which could have altered natural vocal self-monitoring. This view is indirectly supported by research on stuttering patients (Stuart et al., 2008) . Moreover, a post hoc analysis in that study revealed longer syllable durations for melodic intoning as compared with natural speech. Hence, slowing down of tempo during singing may have caused these patients to commit fewer errors. One further reason may be that the study was conducted in French, a syllable-timed language. English or German, however, is stress-timed language, which predetermines a certain metre in each phrase. Consequently, singing in French could entail a distinct gain in rhythmicity above natural speech, whereas this would not similarly apply in stress-timed languages. Singing in a syllable-timed language such as French may therefore be thought of as 'rhythm in disguise'. It is noteworthy that singing in French was only found to be an efficient tool when using a vocal playback to sing along with. This sung accompaniment may have served as a rhythmic pacemaker.
Part 2: Rhythmic speech
This section is dedicated to the question of whether rhythmicity may have affected speech production in the patients we studied. Based on articulatory quality, a pair-wise comparison of the means revealed a superiority of rhythmic speech [M = 56.32, ] as contrasted with the arrhythmic control [M = 54.60, P = 0.010] . To further explore the relationship between basal ganglia lesions and rhythmicity, we included the composite basal ganglia lesion scale as a covariate. A contrast analysis indicated an interaction of basal ganglia lesions with rhythmic speech and the arrhythmic control [F(1) = 16.90, P = 0.001, partial 2 = 0.55]. Such an interaction with basal ganglia lesions was not found for the melodic intoning and rhythmic speech. As indicated in Table 4 and Fig. 4 , patients with larger basal ganglia lesions tended to perform worse in the arrhythmic control compared with rhythmic speech. This pattern was not found in patients with smaller striatal lesions. Moreover, patients with larger basal ganglia lesions showed lower means throughout the experiment. As interindividual differences in lesion size may be responsible for this finding, it should be noted that our design was only sensitive to intraindividual differences. To control whether rhythmic percussion beats in the spoken conditions may have interfered with speech production in the patients, we repeated the experiment with four control patients. No significant differences were found between the spoken conditions with and without rhythmic percussion beats.
Interim discussion
Our data suggest an effect of rhythm on speech production in non-fluent aphasics. Notably, the benefit from rhythm was found to be strongest in patients with lesions including the basal ganglia. This evidence points to a crucial contribution of the basal ganglia The results show a significant interaction of basal ganglia (BG) lesions and rhythmicity (**P 5 0.01). Nine patients with larger basal ganglia lesions (composite basal ganglia lesion score 41.5) tended to perform worse in the arrhythmic control compared with rhythmic speech. This pattern was not found in eight patients with smaller basal ganglia lesions (composite basal ganglia lesion score 41.5). Error bars represent confidence intervals corrected for between-subject variance (Loftus and Masson, 1994) . for rhythmic segmentation in speech production. Among the patients we studied, the extent of basal ganglia lesions accounted for $55% of the variance related to rhythmicity. One could assume that the use of rhythmic percussive accompaniments may have influenced the patients' utterances in the spoken conditions. However, the presence or absence of rhythmic percussion beats did not affect speech production in the control patients. Hence, it appears rather likely that percussive accompaniments do not interfere with speech production as long as they are rhythmic. This finding should nevertheless be viewed with caution as rhythmic percussion beats are usually not part of spoken utterances with natural prosody in everyday life.
To manipulate rhythmicity, we applied an arrhythmic interference paradigm. This method was chosen in order to keep syllable durations consistent as their impact on articulation is largely unknown. Nevertheless, it should be considered that arrhythmic control is not completely devoid of rhythm but rather provides a gradual decrease in perceived rhythmicity. One could therefore claim that, beyond the constraints of experimental control, the contributions from rhythm to speech production may be even more pronounced. Moreover, rhythm-related interventions in aphasia therapy, such as rhythmic hand tapping, may increase the benefit from rhythm to a considerable extent.
Part 3: Original, formulaic and non-formulaic lyrics
This section addresses the question of whether lyric memory and automaticity in formulaic expressions may have affected speech production in our patients. A repeated-measures ANOVA, based on articulatory quality, indicated a main effect of lyric type [F(2) = 8.18, P = 0.002], with higher means for original lyrics [M = 63.53, ] as opposed to formulaic lyrics [M = 57.37, 95% CI 44.84-69.89, P = 0.027]. To further explore whether this superiority may be age-dependent, we included the patients' age as a covariate. A contrast analysis revealed an interaction of age with original and formulaic lyrics [F(1) = 13.18, P = 0.003, partial 2 = 0.49]. As can be seen in Table 5 Figure 3 shows the means for the three lyric types.
Interim discussion
The present data clearly indicate the importance of lyric memory for speech production in aphasics, irrespective of whether the lyrics are sung or spoken. This finding suggests that speech production may be mediated by long-term memory. Our results are therefore consistent with the clinical observation that non-fluent aphasics are sometimes found to be more fluent when producing well-known song lyrics compared with speaking spontaneously. It should be noted that we controlled for automaticity in formulaic expressions, hence ruling out that memory effects may actually be driven by overlearned motor sequences carried out in everyday life. In other words, this finding emphasizes that lyric memory and motor automaticity may affect speech production in different ways. Future work on the contribution of lyric memory to speech production in aphasics should therefore take into account to what extent familiar lyrics are automatized at the motor level.
The results also show that age may be crucial for the contribution of memory to speech production as it accounts for $50% of the variance related to memory. Indeed, the contribution from memory appears comparably large in elderly patients, whereas it is absent in younger patients. One could, for example, claim that the group of elderly patients displayed a lower average in the production of novel lyrics, which could be construed as an advantage for original, familiar lyrics. However, this assumption is not compatible with our data as both younger and elderly patients showed similar results in the production of novel lyrics. Furthermore, age-dependency of the song familiarity is very unlikely to explain this finding as this factor was controlled for in an age-matched group. In other words, age appears be a promising factor in this context. This is all the more important as many studies with aphasics are based on single cases, hence not considering systematic differences related to age. Correct syllables (in %) * * Figure 5 Correctly produced syllables of eight elderly patients (aged 455) and nine younger patients (aged 455), averaged over modalities. The results show a significant interaction of age and lyric memory (**P 5 0.01). Only elderly patients showed an increased performance of original lyrics compared with formulaic lyrics. Error bars represent confidence intervals corrected for between-subject variance (Loftus and Masson, 1994) . Values represent correct syllables (in percentages), here averaged over modalities. Values in brackets display confidence intervals corrected for between-subject variance (Loftus and Masson, 1994) .
Finally, the data suggest that preserved motor automaticity in formulaic expressions may be indispensable for speech production in aphasics. The performance of formulaic lyrics showed a considerable superiority over non-formulaic lyrics in every single patient. Speech production in aphasics may therefore be largely mediated by motor automaticity, be it sung or spoken. This finding points to a crucial contribution of preserved automaticity to speech production in aphasics, even beyond questions related to melodic intonation therapy. One may, for instance, consider preserved automaticity as a highly valuable resource for speech therapy.
General discussion
In the current study, we aimed to assess the relative importance of various factors related to singing for speech production in 17 non-fluent aphasics. Contrary to some opinion, our results suggest that singing may not be decisive for speech production in non-fluent aphasics. Divergent findings in the past could very likely be a consequence of the acoustic setting, insufficient control of syllable duration or language-specific stress patterns (see Results). However, our results indicate that rhythm may be crucial, particularly for patients with lesions including the basal ganglia. It is noteworthy that lesions within the basal ganglia accounted for 450% of the variance related to rhythmicity. Our findings suggest that benefits typically attributed to melodic intoning in the past may actually have their roots in rhythm.
Moreover, our data demonstrate that what patients utter is at least as important as how it is uttered, irrespective of whether sung or spoken. Indeed, our data indicate that lyrics play a crucial role in speech production in non-fluent aphasics. Among the patients we studied, long-term memory and preserved motor automaticity appeared to strongly mediate speech production. Memory and automaticity may therefore help to explain effects that have, up until now, been presumed to result from singing. This is all the more critical because automatized, formulaic expressions were suggested to be lateralized in the right hemisphere (see Introduction). In light of this evidence it would seem that some important questions remain unresolved regarding the relationship between right hemisphere correlates in aphasics and melodic intonation therapy.
